of the protein in cultured hippocampal neurons derived
The most efficient way to do this is to record
Rescue of Fast Transmission in Synaptotagmin I Knockout Neurons from an infected neuron that synapses onto itself; we therefore have used "island" cultures that allow us to Our strategy requires that, by expressing synaptotagmin, we can rescue synaptic transmission in synapses record autaptic responses (see Experimental Procedures).
made by hippocampal neurons from synaptotagmin I knockout mice. Fast synaptic transmission was absent Our analysis of D/N substitutions in the C2A domain can be summarized with a model in which coordination at synapses made by neurons from these mutant mice (Figure 2A ), as reported earlier (Geppert et al., 1994) , of a calcium ion and the resultant neutralization of a negative charge provided by the fourth conserved but could be rescued by infecting cells with Sindbis virus engineered to encode wild-type synaptotagmin I aspartate (D232) is a required part of calcium sensing at mammalian CNS synapses. Because neutralization (Figure 2A ). The synaptotagmin I clone with which we initially atof the critical charge can be accomplished by coordinating a single calcium ion, our model requires that two tempted to rescue fast synaptic transmission was nonfunctional, but once aspartate 374 was mutated to a synaptotagmins are necessary to institute exocytosis. Our observations are in agreement with those of recent glycine (D374G; see Experimental Procedures), trans- mission could be rescued in infected knockout neurons five calcium-coordinating aspartates with asparagines ( Figure 2B ), yet still rescue fast transmission, we con- (Figure 2A ). Fast synaptic transmission could also be rescued by expression of synaptotagmin II, an isoform clude that the presence of none of these aspartates is absolutely required for neurotransmitter release. very closely related to synaptotagmin I that is not expressed in hippocampal neurons in vivo (Geppert et al., 1991) . Many of our experiments were initially done using Calcium Dependence of Wild-Type synaptotagmin II and later replicated using D374G synand Rescued Transmission aptotagmin I. We could, then, introduce synaptotagmin Characterization of Normal Calcium Sensitivity into synapses that lack this protein and produce apparOur goal was to evaluate the calcium dependence of ently normal synaptic transmission. This observation inneurotransmitter release supported by the various mucidentally provides formal proof that lack of synaptotagtant synaptotagmin constructs shown in Figure 2B in min I-and not a structural deficit related to development which D/N substitutions have been made. Before we in the absence of synaptotagmin I-is responsible for could determine the effects of these C2A mutations, the loss of rapid synaptic transmission in the knockout we needed to characterize the calcium dependence of mice (see also Marek and Davis, 2002 where R(c,m) is the response size normalized to a maximum value of 1, c is the extracellular calcium concentratype synaptotagmin I and II, respectively), but these differences did not reach significance, and results from tion, m is the extracellular magnesium concentration, k is a coefficient that determines the degree of cooperativity, both synaptotagmin isoforms were often pooled. Because two of our constructs, SytI/IIC2A(1-5), replace all K Ca is the calcium dissociation constant, and K Mg is the 
Analysis of D/N Substitutions
We reasoned that the binding of a single Ca 2ϩ ion would neutralize the negative charges of two aspartate residues and, therefore, studied the effects of two double mutants-SytIC2A(1,2) and SytIIC2A(3,4)-on the calcium dependence of rescued transmission. Even though the total number of negative charges that are neutralized by these mutations is the same, the effects on the calcium dependence of rescued transmission were quite different ( Figure 4A ). While transmission rescued with one mutant, SytIC2A(1,2), had a K Ca that was close to wild-type (0.48 mM; n ϭ 6 cells), the second mutant, SytIIC2A(3,4), had a calcium affinity that was apparently increased approximately 4-fold relative to wild-type (K Ca ϭ 0.10 mM; n ϭ 6 cells); compare the effect of these mutations to the SytIIR234Q mutant described above where calcium affinity was decreased relative to wildtype ( Figure 3D ). We conclude that calcium sensing is modified by D/N substitutions but that not all aspartates are equally important.
The mutations described above both neutralized two negative charges in the C2A calcium binding pocket, the electrostatic equivalent of binding a single calcium ion. NMR experiments have found, however, that three calcium ions can bind to recombinant C2A fragments in solution (Shao et al., 1998; Ubach et al., 1998), which would serve to neutralize all of the negative charges provided by the aspartates. What, then, is the effect of neutralizing more than two charges? To answer this question, we made D/N substitutions first at three and then at all five conserved aspartates. SytIIC2A(3,4,5) behaved much like SytIC2A(3,4) (K Ca ϭ 0.18 mM; n ϭ 6 cells; Figure 4B) . Surprisingly, even synaptotagmin mutants in which all five of the conserved aspartates within C2A were replaced by asparagines, SytI/IIC2A(1-5), exhibited an increase in the apparent calcium affinity that is about the same amount as the double C2A(3,4) D/N substitution (K Ca ϭ 0.11 mM; n ϭ 15 cells; Figure  4B ). Because calcium dependence of neurotransmitter release is preserved even when all five conserved aspar- Must two negative charges be neutralized, or is one sufficient? And if only one is sufficient, which one? To answer these questions, we tested the effects of mutatan apparently increased affinity (0.03 mM; n ϭ 4 cells; ing SytIC2A(3) and SytIC2A(4) independently. Transmis- Figure 4C ), like the C2A(3,4) mutant. These results indision that was rescued with SytIC2A(3) had a K Ca that cate that the effects of charge neutralization in the C2A was similar to wild-type (0.59 mM; n ϭ 4 cells; Figure  4C ), while transmission rescued with SytIC2A(4) showed domain are controlled by a region of the structure near Figure 3A) , and trace at right shows the response from a knockout neuron rescued with SytIC2A(4).
the fourth conserved aspartate within the C2A domain, of sites that still needed to bind calcium would be reduced to those other parts of the calcium sensor that D232 in synaptotagmin I (D233 in synaptotagmin II).
In addition to altering the calcium dependence of rewere unaffected by the mutation. To see how reducing the number of sites required to bind calcium affects the lease, neutralizing C2A(4) also changed the ratio of responses to pairs of stimuli (the paired-pulse ratio; PPR). apparent affinity for calcium, we have plotted DodgeRahamimoff equations with k ϭ 1, 2, or 4 in Figure 6A . The PPR is commonly used to monitor changes in the probability of release: PPR goes down when the proba- 
Effect of the Number of Calcium Ions Required for Release on Apparent Calcium Affinity
Replacing aspartates that are known to bind calcium by uncharged residues has the paradoxical effect of increasing the apparent calcium affinity. How can neutralization of the negative charges at the conserved C2A aspartates produce an apparent increase of K Ca ? In the Dodge and Rahamimoff equation used to fit our data points, the cooperativity k was constrained to k ϭ 4 (Dodge and Rahamimoff, 1967). This value was originally concentration of calcium were present, and the number 0 for these calculations. As can be appreciated from for a fourth power relationship; because the correct interpretation is still unsettled, our model must remain a these plots, decreasing k causes an apparent increase in provisional one. the calcium affinity; if affinity is measured by the calcium Fernandez-Chacon et al. (2002) have recently studied concentration that gives a half-maximal response, the substitutions of two of the aspartates we have described affinity increases over 5-fold in this example when the here. Although they observe a decrease in the PPR at number of sites required to bind calcium decreases from synapses expressing D232N, the authors conclude that 4 to 1-and approximately doubles when the number this substitution has no effect on the calcium depenof binding sites decreases from four to two.
dence of release, whereas we find that this substitution To test the idea that D/N substitutions might have the increases apparent calcium affinity. A possible explanasame effect as saturating the C2A calcium binding sites, tion for this discrepancy is that Fernandez-Chacon et we have plotted, in Figure 6B calcium to trigger release, and the calcium affinity for
We were initially unable to rescue fast synaptic transmission with this sensor must be the same as that of the C2A domain.
a purported "wild-type" synaptotagmin I construct that coded for
The C2B domain appears to have these properties, and an aspartate residue at amino acid position 374 (Perin et al., 1990 Chapman, E.R., Hanson, P.I., An, S., and Jahn, R. (1995). Ca2ϩ approached 1 (as seen in Figure 3B ). For data from rescued synregulates the interaction between synaptotagmin and syntaxin 1. J. apses, the Dodge-Rahamimoff equation was fitted to the data using Biol. Chem. 270, 23667-23671. a least-squares method in which two parameters were estimated: the calcium dissociation constant and a proportionality constant Chapman, E.R., An, S., Edwardson, J.M., and Jahn, R. (1996) . A that described the size of the response. After the fit, all data points novel function for the second C2 domain of synaptotagmin. Ca2ϩ-were normalized by this proportionality constant so that the maxitriggered dimerization. J. Biol. Chem. 271, 5844-5849. mum response size approached 1. We used the Dodge-Rahamimoff Chapman, E.R., Desai, R.C., Davis, A. dem C2 domains of synaptotagmin contain redundant Ca2ϩ binding sites that cooperate to engage t-SNAREs and trigger exocytosis. J.
